Appln. No.: 10/051,995 

Amendment Dated December 21, 2004 

Reply to Office Action of September 22, 2004 



CDG-IOIUS 



Remarks/Arguments; 

Applicants affirm the election to prosecute claims 1-29 in the original application which 
are identified as the claims of Group I. 

Applicants withdraw the traverse of the election and reserves the right to file one or 
more divisional applications covering the subject matter of elected claims 30-37. 

The Examiner has rejected claims 1-29 under 35 U.S.C. § 112 first paragraph. 

Applicants submit the specification of the present application has fully disclosed the 
subject matter of claims 1-29 in such a way as to reasonably convey to one skilled in the 
relevant art that the inventors, at the time the application was filed had possession of the 
claimed invention. 

Specifically, the Examiner has asserted that one aspect of the invention is to permit at 
least 90% by weight of the alkali metal to react with inorganic acid to produce gaseous 
chlorine, chlorine dioxide and steam, and the application does not describe in sufficient detail 
how to: 

1) Determine the proper stoichiometric ratio to complete both of the two competing 
reactions, and 

2) Ensure that at least 90 wt % of the alkali metal chlorate is reacted with inorganic acid. 

Following is a description of two techniques for determining the proper ratio of alkali 
metal chlorate to inorganic acid. This description makes the reasonable assumption that the 
inorganic acid is dilute hydrochloric acid and the alkali metal chlorate is sodium chlorate. 

One approach is empirical. After constructing a reactor, begin feeding a known flow of 
dissolved alkali metal chlorate at a know concentration (e.g. 47% by weight) and at 
temperature and pressure described in the patent application. While holding the flow of chlorate 
solution constant, feed increasing amounts of inorganic acid into the reactor, waiting sufficient 
time for the reaction rates to stabilize at each rate of acid feed, considering the volume of the 
reactor and the liquid flow rates involved. 

Continuously monitor the gaseous output of the reactor and the concentration of chlorate 
ion and acid in the waste stream from the reactor. The gaseous concentrations of chlorine and 
chlorine dioxide can be measured using a dual wavelength spectrophotometer such as that 
marketed by The Optek Corporation. Acid concentration in the waste stream can be measured 
by titration using caustic solution as is common practice in chemical analysis. Chlorate ion 
concentration can be measured by amperometric titration as described in The ''Standard 
Methods" Handbook published by the American Waterworks Association, or by ion 
chromatography. When the acid feed increases to the point where the acid concentration in the 
waste stream begins to increase rapidly with the addition of more acid feed, the reagents are 
approximately in stoichiometric proportion. At the same time, the concentration of chlorate ion 
in the waste stream will approach zero. 

When the stoichiometric optimum has been determined as described in the previous 
paragraph, increase the flow of chlorate solution and repeat the optimization of the acid flow. If 
the acid concentration in the waste stream increases while there are still significant amounts of 
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chlorate ion present, then the reaction is not complete before the waste exits the reactor, and 
optimal capacity of the reactor has been exceeded. 

Figure 3 of the above-identified application shows that for each injection of the inorganic 
acid Into a chlorate solution, the reaction continues for proximately 10 minutes at a 
temperature of about 180 degrees F, with Sodium chlorate concentration of 600 g/L and 
hydrochloric acid concentration of 37% by weight. This reaction time is a slight function of the 
concentration of the reagents, and a strong function of temperature, but does not vary much as 
a function of the degree of completion of the reaction. Therefore, for operation under these 
conditions, each reactor segment should be designed to have a liquid retention time of at least 
10 minutes. If the reaction is still occurring when the next injection of acid occurs, no 
substantial harm will be done. The slight reaction from the almost-spent acid will simply be 
added to the strong reaction from the new acid, with, perhaps a small decrease in efficiency. 
However, if the final reaction is not complete when the waste exits the reactor, severe problems 
can occur. For example, chlorine and chlorine dioxide can continue to evolve in the waste lines, 
causing potential corrosion or explosion. For this reason, it is recommended that ample extra 
retention time be provided after the last injection of acid. Since a reactor disclosed in the 
specification of the present invention can be a simple pipe, extra length and retention time are 
not expensive. Because of the potential risks if the reaction continues in the waste stream, it is 
recommended that the waste stream be diluted with cool water and the pH be raised with a 
solution of sodium hydroxide, sodium carbonate, or other alkali solutions. These measures 
assure that any continuing reaction is quenched. 

Another method for determining the stoichiometric optimum is as follows: 

A) With the reactor and the feed liquids at the temperature described in the present 
application, begin flowing chlorate solution into the reactor until solution begins to 
overflow into the waste stream. Then begin flowing acid into the chlorate solution at a 
rate of two moles of acid per mole of chlorate. Since this ratio is the stoichiometric ratio 
for reaction 1, and reaction 2 (specification page 19, lines 15-16) requires a higher 
acid/chlorate ratio, to the extent that reaction 2 occurs, the combination of the two 
reactions will have less than the stoichiometric ratio of acid/chlorate. 

B) Measure the production rate of chlorine dioxide and chlorine. Since all of the chlorine 
dioxide is produced in reaction 1, it is easy to calculate how much of the chlorine is 
produced in reaction 1, and one can assume that the rest is produced in reaction 2. 
Knowing this, it is possible to calculate how much of the chlorate is unreacted between 
the two reactions. 

C) Assume that all of the unreacted chlorate would react in reaction 1, calculate the amount 
of additional acid that this will require and increase the acid feed by that amount. 

D) Repeat steps B & C until the calculations of step B show that there is a negligible amount 
of unreacted chlorate. 

These techniques are applicable regardless of whether the reactor is a single tube with 
multiple injection points as shown in Figure 1, or a series of reactors as shown in Figure 2. 

The foregoing analyses adequately demonstrate that a worker skilled in the art could 
take possession of Applicants' invention without undue experimentation. 
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In view of the foregoing it is respectfully submitted that the rejection of claims 1-29 
under 35 U.S.C. § 112 is not well taken and should be withdrawn. 

The Examiner has rejected claim 5 under 35 U.S.C. § 112 second paragraph alleging 
there is no antecedent basis for the phrase ''said aqueous solution of alkaline metal chloride". 
Applicant has amended claim 5 to correct the obvious typographical error where the term 
chloride was inadvertently substituted for the term chlorate. Therefore, it is respectfully 
submitted that the rejection of claim 5 under 35 U.S.C. § 112 is not well taken and should be 
withdrawn. 

The Examiner has rejected claims 1, 7 under 35 U.S.C. § 102(b) over Swindells et al. 
U.S. Patent 4,081,520. The fundamental difference between the cited patent and the present 
invention is that the cited patent uses a reducing agent methanol. The reducing agent 
produces a different reaction from the one used in the present application. 

The Swindell reaction is: 

2NaCI03 + 2H2SO4 + CH3OH => 2CIO2 + 2NaHS04 + HCHO + 2H2O 

The reducing agent in this reaction is methanol, a toxic product that would be prohibited 
from use in a drinking water plant where product of the present invention is targeted for use. 

Besides use of a reducing agent used in the '520 Patent the present invention differs in 
another important aspect. Although the Swindell technology produces small amounts of 
chlorine, the reactions are intended to (and do) produce essentially no chlorine. In the Swindell 
patent, for example, the product is 99% chlorine dioxide and <1% chlorine. In the process of 
the invention, the product contains >33% chlorine, and the process may be adjusted, as 
described on page 20, line 20 through page 22, line 16 of the present application, to produce 
much higher ratios of chlorine to chlorine dioxide. This is very important. Since chlorine 
dioxide Is a far more expensive product than chlorine, all previous chlorine dioxide processes 
have been designed to maximize chlorine dioxide and minimize or eliminate chlorine 
production. However, chlorine in one form or another is essential for residual disinfection in 
water distribution systems. There is increasing concern about the safety of transporting and 
storing large volumes of liquefied chlorine gas, especially in urban areas. The invention allows 
the production of chlorine as well as chlorine dioxide in proportions that match the disinfection 
needs of the municipality. 

Applicants submit the Examiner has used their teaching to not only select but to 
interpret the prior art, this being clearly contrary to existing Patent Law. 

In view of the foregoing it is respectfully submitted that the rejection of claims 1 and 7 
under 35 U.S.C. § 102(b) is not well taken and should be withdrawn. 

The Examiner has rejected claims 1-3, 5, and 7 under 35 U.S.C. § 102(e) over Charles 
et al. Published Application US 2003/0007899. Here again the fundamental difference between 
the Charles Application and the present invention is that the Charles reference uses a reducing 
agent, e.g. hydrogen peroxide. 

In the Charles application, the reaction is: 
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2CIO3" + 2H^ + H2O2 => CIO2 + H2O + O2 
This reaction is problematic for several reasons; 

A) The production of oxygen leads to foaming in the reactor, which requires rapid removal 
and dissolution/dilution of the foam. Since the products of the reaction are equal parts 
of CI02 and oxygen, the gaseous product is 50% CI02. It is well known that this 
mixture can explode spontaneously, if it is not diluted or dissolved in less time than the 
induction period of CI02. Since the product is inextricably mixed with the foam, in 
drinking water applications, the foam must be added to the treated water along with the 
CI02. This introduces undesirable contaminants such as acid or chlorate ions into the 
water. It also wastes reagents that are contained in the foam. In the process of the 
present invention, no significant foaming has been observed. Only gas phase products 
exit the reactor. 

B) Hydrogen peroxide is unstable and cannot be stored for long periods without degradation 
of its concentration. 

Dr. Gilbert Gordon in his paper "Is All Chlorine Dioxide Created Equal", published in the 
April 2001 issue of the Journal AWWA has shown that under upset conditions, the Charles 
reaction can produce large amounts of perchlorate ion. Perchlorate ion is a health risk and is 
therefore very undesirable in drinking water applications. Dr. Gordon has stated that 
perchlorate ion will not form in the presence of the significant amounts of chloride ion found in 
the reactions according to the present invention (e.g. paper ppl69, section titled ''Summary of 
Chlorate ion-based systems"). 

For the reasons set forth above it is respectfully submitted that the rejection of claims 1- 
3, 5 and 7 under 35 U.S.C. § 102(e) is not well taken and should be withdrawn. 

The Examiner has rejected claims 1-29 under 35 U.S.C. § 103(a) over Charles Published 
Application. 

For the reasons set forth above it is respectfully submitted that the teaching of the 
Charles reference is fatally defective and does not render applicants invention obvious. 

Applicant respectfully submits that the Examiner has fallen into the trap of using 
applicants' own teaching to not only select but to interpret the reference. This is clearly 
contrary to existing Patent Law. 
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In view of the foregoing amendments and arguments it is respectfully submitted that the 
above-identified application Is in condition for allowance and a notice to that effect is earnestly 
solicited. 

Respectfully submitted, 



James/C. Simmons, Reg. No. 24,842 
Attorney for Applicants 



JCS/mc 

Dated: December 21, 2004 



P.O. Box 980 

Valley Forge, PA 19482 

(610) 407-0700 



The Commissioner for Patents is hereby 
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Account No. 18-0350 of any fees associated 
with this communication. 
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CtiloririQ dioxids (010^1 is an aternativo oxidant to chlorine for the treatment of di inkiiiy 
water. ClO;^ must bo produced on she by the oxidation of chfuriUi ion or the reducifOfl of 
chlorate Ion. Each utiiitjriiLion tschnology utiimaiely pradncAs CfO^; however, the ftasl 
product icomposttion and piiriry) hah b9 very different Discussions an Q\Q^^ purity hovo 
lypicettyfocused on chbrine, Othsr potential impurities include chlorite ioa chbrats ion. acic. 
hydrogen paroxida, and in Gomb oaaaa perchlorate ion. Dcperimental data am prustinted m 
chow sfmilaritjea and potential differences in product cuinvusition. 



IS ALL 

chlorine dioxide 

CREATED EQUAL? 



Ghlorine dioxide (CIO2) is widely used as an aliernative to chlorine (Cl^) 
for treatiAg drinking watcn Numctous CIO9. ^eucTcidon technologies have 
recently been developed to improve the conversion efficiency and purity 
of ClO^. Rcocarchcra continue to invcsLi)^aLc the behavior of ClOj in 
— these new technologies. Hie results of this research are not oftea puhHshrHj 
however a large body of imvortaat data is now available to watp.r nnlity oper- 
ators who musi dcdJc liuw best to apply high-purity CIO2 (CVarp.?, 1.9.V8; Cmmp 
BY GILBERT GORDON ct al, 1997; Cuwlcy. 199S; Gordon 6c Kosxtnhhn, I <i9S; Jiurke et al, 1993, 

Kaczur ic Cawlfield, 1993; Miknei; 1 97f3- 

Watet urilioes m^. rlO^ for preoaddation (e-g.^ for iron and mangancst] ^ con- 
trol of tajite UTid odfir fwoMfttns, aad inoctj^ration of common paekogcm. Because 
CIO2 is an nVTffiziTig agent that does mot chlorinate, it b often uacd to lowec ui- 
Inmftrhanp flHM) concentrations (Gordon et al, 1992) in finishesi waLa lu uieet 
Iftvfils establish^ by the US Environmental Protection Agency (USEPA) (1.979), 
USHPA encouragee the UGe of chcinical oxidants tha: hcl^ Lu rcxlucc the health 
riekc oeoociflted with xxucrobiological soiat^s atidx aj* Giardia and Cryptospor- 
idium. Typically, ikt benefits of luicrubiological inacclvation far ontwngb the 
chemical risks assodatcd wiiU the use of oxidants such as CIO2 and ozone (O3), 
1 lowcvcu, slaic and federal regulators are still ronrj^mj?cl about the health effectc 
of disinfecrion by-products. This means that the oxidant and any species carried 
through the treatment train with rhp nviHant, as well as any by-producta formed 
during disinfectiOD, are importanr ro ronsider in the contescr of meeting current 
and future drinking watftr r*^tktions. 

In contrast to 012, regulations exist that prevent CIO2 from being shipped 
(TLS CFT?, 1984) to a utilirj^ because of safety reasons. Similar to O3, ihia means 
Chat QO2 must be produced on site. The chemistry of CIO2 ijjencratioa can be 
oversimplified by suggesting chat CIO2 is produwjJ cither by redttdng chlotatft 
ion (CIO3-) or by oxidating chlorite ion fClOii. In fact, a variety of gftneration 
technologies arc cojiiiueiLially used to produce QO2 (Tahlft i). 
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FIGUHE 1 OxiddtitdeiiMiiU turva-high CIO2TO CfOf convarsifin 



^ ClOj 

• CIO. 




TABLE 1 



ClOji ecnoration tachnologies^ 





CommenCB 




Aqueous chlorite ion/gsBeous C^; aqueous chlorite 




Ion/aqueous U^: soJid chlortie Inn/Qaflanire chlorine 




Acid sccivdtion 


OOj At*^uclng agetxi 




CIO) /H^0i/H2O2 


Smalkscale production 


Blcocrochemicai tCiu,-) 


SmalhlRAla pmHrjccion 



^ The tcdnivlg^css preseiiied in Table I snggpsr that etd- 
cityiL CIO2 generadon from ClOa*- (an oxidation pjrocese) 
or aOj- [a reduction prnrpAs) ctui he complicated- The 
ctiemiscry involvKR g<^np.ranaa prEcu^ois (eg., ClO^- in liq- 
uid or solid form nr ClOji, additional oxidizing (or rcduc> 
ing) i^Z^Tf^ (e.g., CLj or hydrogen peroxide [H3O2), add, 
elecfrorlip.Tnirpl cells, and various mivtng and ga3-cxcrac- 
Tbn processes. In each case, the final produce coalainji 
CIO2. TypicaUy, generator Outputs Cdn be maximized 
under optimized conditions to pioducc 55% yields based 
on the convftreion of ihc biarting niaierial. HowftvP:r, this 
docs not mean that the compositions of the generated 
CIO2 produos are cht same. 7n practice, the composition 
of die final product can be very dif terent. For example. 



• Does rh^ proffnct conr^jin 
unused excess precursor chemicals 
(e.g.,aO2-orH^0^)? 

• Arc the unu5cd cLciiuLiili 
(CIO^-, aOrJI'.Gi^H.Oa) con- 
tinuing CO rcac:? 

• Is CIO2 stable ir. the presence; 
by-products and/or nnnsei^ precur. 
sor chein]ca].<> 

• Whar by-producce are pro 
dnred and present in the fincu prod- 
uct mixiure? 

• Are the available aiidlyiical 
methods capable of di^uuguishing 
bcrwiccn oxidaiu. species^ 

• Arc safely and the disposal nf 
wasic ulicuiicais important? 

CIO2 is an effective ovriianr for 
cicadng drinking watifir K^rh tteh- 
aology has a Rpi»rf fir chemistry that 
defines the final UO2 produa. It is 
a .simplistic overs cacement to con 
elude that each of . the geuerarion 
technologiee produces CIO2 with an 
identical product composition, 

pucity, and performance Capability. 



PmPEKTIESOFCiO, 

Table 2 lists some of the gener- 
ally rccogiii/xtd vliysical properties 
-(tSt^,T?98; "Kaczur &. CilwHeid, 
1993; Gordon er al, 1972} of HO^. 
Pure CIO2 exists almost p.nrirely as 
the pennanenf: fTO>-radical monomci: 
The chlnnnft-oxygen bonds show 
predominanrfy double-bond chorac 
Tftf, forming an angle of about 117.5 
Hpgp^^ widi a chlorine-o^cygcn bond 
length of 1.47 A and a dipolc 
moment of dcbyc units. 

In dolution, ClO^ i& a dis^lved 
ga9. Ac ISoQ (770F), is about 
23 nmeo as concentrated in the aqaBoui solution (Tauhe 
Sc Dodgcn, 1949) dian iij the gas phase in which ir 15 at 
equilibrium. Aqucuui ClOa is light-senfdtiv^ (rtcxven 8c 
Cheung, 1932) ami decomposes through free radicals to 
gircaOj andCa- 

Reaclive species. It is not unusual, to simultaneously 
Lave muldple chlorine sperip,? present in Golutions 
originating from generated by-products or unrcactcd pre- 
cursors. Table S hsts the various dilorinc species (Goidoj* 
& Bubnis, 1998) that might be present foliowing the gen- 
eration of CIO I, 

Each chlorine species listed in Table 3 can poienHally 
affect the chcmisuy uf CIO2, as shov?n hy the examples 
in Table 4. 
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Kjecem advances in C1C32 generation 
and purificadon kave helped to increase 
the purity of CIOj used ac drinking 
waLtsi uiiliLlcii. Tljoc bipurtaitt dcvcl- 
opmenis are the result of a bercer under- 
standing of how ro minimize ff»rtion$ 
chat lower producuon efnoeocy orpco- 
mote the generadoa ol unwanced (and 
unintended) by-products, 

bnportsot intormodiate speoiea The 
imponancc of iatcnncdiate sptdes is 
often neglected (or misuadcisioixl). 
For example, it is common for fkld 
engineers to "tune" liquid/gas gener- 
ators by simply inaeasing the feed 
rate nf chlnrir^ irm nr CI2 (Table 4, 
Eq 3j- The chenxidtry of this process 
involves the tormarion of an inter- 
mediate spcciea [CI2O2J1 

At high conccntr&dons, CIO7. is pri- 
marily formed: 

2[Cl202l"^2.a02 + Cl2 

"When the generator has a relatively 
low inirial C\02' ronrfinrration, or 
excess Clj, sigm&cani amounts of 
003- are formed: 



[ajOjj T Hoa cio,- + ci- + ht 

Thus, Lu elfiiiciuJy >^cx5ite and apply CIO^, the chem- 
istxy of the fCl^O,! intermediate must be understood. 

Photodkeiidirdl reactions. The photolysis of ClOj is ft 
complex pcocess that results in diffftr(»nr prodnrts de- 
pending on the wavftlftngrh of pvciration. Waveieagthe 
> 30fM.^^^ nm will cause CIO2 to dLcsociate (Bowen 8c 
Cheung, lH'il] a.nd torm an intermediate dpecica 
(H2CIO2) that reactc to form CIO3- At warclengtlw 
between 260 and 375 nm, photolysis of CIO2 furms two 
energetic species (Taubc Sc Dodgco, 1949) — ClOi-ir) 
and 0(^P). Below 2^0 nm, CIO2 phoLolysi;^ itttulLs in a 
third energetic epcdcs, 0(^1)). The daUt su>*ftc«L Uic ener- 
getic species act a$ photOdCLiMLizecs (Gordon 6c Katakis, 
1987). A phoLo&cuwiizcr absorbs phocons and transfer 
ihc energy to water or iniennediates. To accomplish diis, 
the molecule must have a sufficiently Inng-Iivftd eaccited 
State to react bimolecularly and be able to undergo eiec- 
tmn-transfpT reacaons in the excited state. 



FIGURE 1 Oxidant demand 



40 50 so 

Time-flwn 



so 



90 



Kinetics versus Ihennodynamics, Typically^ the chcm- 
iscry that occuis JuiiuK wdXKi treatment does not corre- 
spond 10 simple uuc-sccp reactions. The reaction mecha- 
nisms can be complex and invn1v(*: num^itoiis highly 
reactive inDermediatr .^ppr.ips. (.in the athar hand, dier- 
mndynanjic predictions can be made on the basia of half- 
cell data. { >»n5:irtr:T tfar following C102 reacdotift in which 
ttir 5^flnH;trd potential (Pourbsiix^ 19^^) varlec as a func 
non of pH and concentration. 



CiOj ^ c- » CIO2 



£ = L160 + 0.05?1 log 



iciorl 



E = 1.2// - U.a^ VI (pH) * 0 0591 log jj^^j^j 

Ci02 + 4H-' + 5r a- + 2HaO 

S = 1.511-0.0473 (pH) I O-OllSlog^^ 

[CI J 
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TABLE 2 Piiysiciil propenies of cniorlne dioxide 



Prnpftrry 



Molecular weignt 
Melting point 

dftilTrO pninr 

SrttnbirttV 35oC, 34.5 mm Hg 
AGO St 350C (770F) 

AS* at 2S*C |77«>n 
Pell iUluii u-uttlTiubiii^ 35^0 (99oF) 
Molar absorpdvfry, 360 nm 

TABLe 3 Chlorine oodd^tion 



67.^ 

11 oC (51 OF) 

2J0S keol/mQl 

43,9 cu <9q) 
21.5 



OKidotlon eiate 



*7 

-•^ 
+5 

43 



Fuuiiulti 



P*rchIorat8 ion 
Chlorate Ion 

Chloi'lild diOAide 
Chlorite ion 
Chlorous 8C10 
Hypochlorite Ion 
liypociilorQusacid 
Chlorine 
tnioricte ion 




B€Cttu3C CIO2 ia a very rcactire oxidaiit, a cLcuiIual 
understanding of tkc ttcrmodyaaiiiics dud kinetics is 
needed to maximize geneiaiur efficiency and minimize 
unwanted by-pioduLLi^ during Kcncrarion and scocage. 

A geuetal diiii:u5«iiun of the properties and reactions of 
aO, is die stanini? point for maxinjJzlng ao^ generation 
■diid iimjiiuizing unwanted by-products. Several generation 
processes are available, and utilities csiu rhoose the best 
generation process based on rbeir regulatory and disin- 
fection nftftd.^. Thfi following discuscion presentc cLe recultc 
nf <m,idi« designed to understand tke exienc of vuuiaod pre- 
cursor chemicsdfi and the foimriation of by-products tclc- 
vani to each CIO2 generadon cechnology. 

BVERIMEfirrAL PROCEDURES 

Ion chromatosta^liy (USEPA lucrhod 300; Pfaff et al, 
19911 was used for all ClOr and QO^ measurements. 
The samples were purged with nitrogen in order to dis- 
place CIO2 and then were further treated with prhyl^^ae- 
diaminc. The samples {15-100 )]T,) w^rp injected into the 
eluent at 1.0 mL/min. ^r*» this method, the samples 
pa.<!fiftH through ^ .raecai-free column to remove dicsolved 
metals and a guard column before oeparation on the ana- 
lyrical column. An onion micromcmbrane wipprcssoi was 



used with a wesk .qiilfiiHr ar»H (H2!>04) regfineran! 
Aif^lnrion flowing at 10 mbmin. 

Perchlorate ion was meaaured ugjig ion chro- 
matography according to the method thai wiis devel- 
oped at th;; California DcpaiUiiLiil of Health 
(OkamoLo ct al, 199.9), All other oxidant measure- 
iiicru!, were performed using the methods Jisted m 
Standard Meihods ( 1998 } . 

The CIO2 stock solutioos for the demand studies 
wrtrr prRpa fpd by reacring sodium chlorite (NaCl02) 
(16% solution, 4 g in 25 mL) with potocfiium per 
sulfate (4% solution, 2 g in 50 mL) in a gas washing 
bottle that was continuously purged with nitrogen. 
The output of the rcactiou, ClO^, was cotlccied in 
chilled water in the dark. The molar absorptivity 
(Gordon 5c Rosenblatt, 1995) (e) of ClOo is 
1^50JW-icm-l. HowevBi; it is well known diat the* 
^Bi - electronic transition of aO;j appears n.^ a 
series of absorbance mzytimn (VaiHa «f Richard, 
1991a; Vaida 5c Richard, 1 991 h) over the 320-400- 
nm region. the accurate standardization of 

*«><^k solutiofui usifl^ UV-Vis epecLrOphotom 
etry depends on the ability of the opeccrophotomctcr 
to resolve the ClO;^ fingcrprinl: (Gairv ct aJ, 1999). 
Thie meaue that c should be determined specifically 
for each individual apcctrophotomcicu 

CIII2 eENBUnON TECHNOLOGIES 

For Mrater ucdUutsuL, toinmcrcial ClOi fieuerators 
.^^.bpA^^ly >i^.i>w.fkJ, as CIQ2 -based, CJO3"- 
babcd, or electrochemical systems. The diffptr^nrps 
between each generation method are governed to a large 
extern by the generation nhemii^rry (kinetics and ther- 
modynamics). 

Chlariie ion-based QennnilioiL The cMcidadon of chlorite 
ion is die most widely used method for prepariug in 
The Hnnking water industry. One of the first commer- 
cially available generators used add to convert chlorite ion 
CO C102^ Soma condFuaion in the literature exists as Lu 
whether the chemistry is best described using chlorous 
acid or chlorite ton. For aim|;licit^ die process can be 
dc^ibcd by Ac folio wii^ equation: 

5CIO2- + 4H' 4C!02 + Oh * m^O 

The smirfiioTPprry of this difiproportionarion reaction 
(5a02- AaOjj sKows thac20% of the original start 
ing matenal rioes not produce CIO2. Thic means that 
when all the chlorite ion is conoumed, only 80% is con- 
verted to CIO2. In thie case, a high conv<iraion cfficlejicy 
does not result in a high yield. This caamplt idsu shows 
why chlorite ion consumption should uui be used as the 
basis for yield calculailoiis. 

Typically, ClOj is produccd by reacting rhlnnti? lon 
widi CI2 Of HOCI. 
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TABLE 4 



Chlorine species interdictions 





Deecription 


Ecugtion Mumb«< 


ci- 


- A reaction prodtci thst accompanrBs ClOj formacion oi' dCvuiVipO5fl]0i1 

- Can «ct as a catalyst fcri lieiidin ittaciiun^ 

HCIO2 + Cr-^IKCl202l 
IHCirO>i 4 CI* ^ aus + otner products 


01 
(2) 




- P^«eureor ehdrniool thai reooto with ClOj- (or HCIO^} to 4or-n chlorine dioxide 

- Exceec CI^OCl elowty roDOia with CIO^ 

CI2 2CIO2 ' 
Cf2 r CIO2 T H2O CIO3 r Ch t ZH- 


(3) 


Horj 


• Pranirsnf RhumicEir thst reacts whh CIO,- to form ehlorino dioxtde 
HOCI J. 2CJO2" ^ 2CIO2 4- Ch 1- OH- 


(5) 


OCh 


• Reacts wlLh CiOa-'io-fbrni chlorate Ion 


(R) 




C'Oj reaction CIO^ 1 cwbctrato - aO;^- 
Acid rolMSe SHClOj - 4CIO2 + Ct- + H* + 2HaO 


(7) 
(8) 
(S) 



DispmpDiiionation 



2CI0j + 20H-^ a02- + CIOa-+ HjO 



• sornetimesaua^pfocursor 

- i»ometim«s a disinfection by-product 

2aOg- + + 2CI- -r 2002 + CI2 + ZHjO 

[OzOil ♦Hp - ClOa- + Ch + 

* Impurity in bulk sodlunn cblorats 
« Unwantod by-preduel 

QsctTDlyas 0103--=. HjO CC04:+ 2H* 2er 

High ocidlty Qt lOOa ^HOO^ -r ZHjD t 3O2 -r 2CI2 



(ID) 



<1Z) 
<13} 
<1«) 



n5> 



2aOr + Clif^) - 2002 + ZCh 

Of zaOf + KOCi 2002 f ci- + OH- 

Tlie general stolchionietric equations for the r«imnn 
of chlorite ion with CI2 rfo rinr .show the importance of the 
inrpTmerliate species, CI2O2. 

At KigL reactaoc concciilialloiia, lLc: iuLtsuicdiate is 
formed verf rapidly. 

^ICliOJ 2C10, + CI, 

At low initial r eactant coxicenaatioas, primarily chlo- 
rate ion is formed. 



((*;!jt)2j * H2( ) ncv ^ CJ- + 2H^ 

The stoichiometry of th£ undesirable reactione; that 
form cblocace ion is as follows: 

CIO2- + HjO » a03- 2CI- -r 111 

Tliree-feed system. CIO2 is readily produced at pH 
<; 3,5, In pracrice, many utilities use liqnid hlaarh [OO-] 
as their chlorine source. The pH of liquid bleach is main- 
raincd ac pH > 11 to prevent decomposition ro rhlArari* 
ion (Gauw et 21 199$). 

oa-4ao/-*ciOj-4Ch 

To lower the pH, acid and liquid bleach aic couiLuiied 
in a rcacticn zone to pioduct; a uiix uf HOCl and G2. 
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TABLE 5 Typical generator composition during no'mal operation 1,000 mg/1 CIO; 



Chlorrnft 

Chloritfi ion 
Chlorate ion 

Sulfuric acid 
Hydroaen peroxide 
PRmhlnMlA inn 



rormula 



Hori/nrh 



baeed* 



Chlorine 

dependent 



CIO3- 
bBsedt 
mgA. 



2.$- &S,&3 

3500 
170 
0.1 



Variable^ 



^'^ocuum eduction systam 

Tb^mng Kulp Ch^micato. UT 

iUSEnwIronmflntalProwSllL , ^ 

Swnnout 9aa^ripping, high toncenp^ti'ons are probabia 



Tb^mng Kuip Ch^micato. unpubllstisd data (1938) 
iliS Environmental Pronation Aoefiev oenerator periornunfiti iftunAktA 



TABLE 6 Nuiiupiimized generator etfluent composition I jOQO nvqil CIO^ 



Species 


Formula 


bsGod*- 


baoodt 


Elcotroehcmicol 


Chlorine 










Chlorte ion 


CIO2 






VanaDleS 


Chlorote ton 


CfOg 


Clilutiiie 

dependent 




vanabia— 


Sulfuric acid 










Hydrogen peroxide 










Perchiorate Ion 


r.in*- 






V^1ablo»« 



'V««uu:tt Dducdon sysicm 
istsrting Pulp Chemicals, unpublished dnto 1199S) 

;USEn/ironmBntaij>rofe^ . . 

iWHHolit Bw^^vHppTna; Itigh oonooiwallbnn eon b£ eorriciGi through the syflMm. 

MuitfiXc ti«M Unuu<jl« Uio tfivcuuiyais ixdi wimuur propo'cng Peering comrola and wiinour 
excraedon or paratraecion can potemiauy Term cio^- and QO^^. 



TABLE 7 CIO2 oxidant demand siudy^CIQ^ ^ CIO^- convorcton* 



mln 


m^L consumeO 


CIO^- 
mg/L maasursa 


% 


0 


3.00 






15 


2,01 


1.8a 


92 


30 




2.12 


92 


DU 




Z51 


94 


90 


^83 


7.fll 





*C l O j '- < jtlm'tw diuAidH, CIO{ — i.iilQrfie Ion 



rralizc the caustic 9olul'!oii of 
NaClO.. 

Qn + HiO -* M*+ hck:i .1. ci- 



ioa 15 3.dded^ and CIO2 is produced in a Odcond 
reaction zone. In more recent generator deaignsj a vcnruri 
is positioned after die second rcActlon zone, and the gen- 
erated CIO2 is *extraaed" into the water flow. 

Two-feed systftin. CI7 ^as can be drawn into the water 
flow through a veaCuri aad combined with chlorite ion 
metered Inco a reaction chamber to form CIO2. Tn jsome 
generators, the hydrolynis of Clj prwides sicid to ncu- 



A &Gcond method combines 
gaseous O2 with chlorite ion in a 
reacrloQ chamber QCCached to a 
vcnturi chat " extracts ** the CIO2 
into the water flow. 

Solid chlorite hni systann. In addi* 
lion 10 ihe aqueous chlorite ion 
feed systems, a solid chlorite ion 
sytixprn haa hf^pn rommtercialized. 
This approach was developed to 
minimize the presence ot CI2 in the 
generated CI02- Indications are 
that optimized systems will gener 
ate < 1% Ci^ in the final product. 

This system uses a packed bed 
of solid NaClOj imbedded with 
incit SLdbllizLu); Luiupuociits. 
Dilute, moist CI2 is passed through 
the bed where it reacts with chlo- 
rite ion. Because Cln and air are 
continuously passing over the .ooliri 
bed, the generated Ci02 i.s *w<>pr 
off the bed and CJirrierl rhrnrgh to 
a holding ranlf The Cl^ feed onto 
the bed can be controlled so that 
mammal imreacced. Clz ' '^ ^hle to 
paes through the bed. This dystem 
controls the production of CIO2 
via the delivery of CI2. 

Summory of chlorite ioiHiased 
systems. The piimaiy objeciive of 
chlorite ion OAidaliuii procesjijcs is 
to produce CIO2 di d hiyh con- 
ver^iuu efficiency with mmimal 
impurities. Ihe acid activation 
procesR is inhftrftnrly inefflcieat; 
hrtwRVftr, rhis does not preclude it« 
vise, i he simplicity of thi^ proceee 
must be balanced against che 20% 
lose of chlorite ion conversion. 

The chetnistry of CI2 reacting 
with chlorite ion to form ClO-a 
implies that a number of faaors 
muat be controlled to a.chieve a Lxl^i cuuver^iuu rate* 
In Systems that do not use cducriou!, ii is common to 
Imve uarry-thruugh of unreacted chemicals in che gen- 
erator effluent. When conversion efficienclfts arr low, 
many operators incre;».«;<^ rhp. Tl^ Fepcl . This makes sense 
when ^hp. CI2 flow is below the stoichiometric amount 
required for 100% conversion. When Cl;^ is in cxccas, 
come of it will paca into the water stream through the 
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veamri. The presence of Cl^ can also lead to increased 
cKLorace iun Icveb. 

Cblgrate roiHiflsod gofieratioD. A new luw-capaclt)* 
chlorate ion reduction system (Crump et al, J 997) is now 
available to drinking water utilities. This system uses 
ftvress and .H^SD^ to produce ClOj with the fol- 
lowing reaaion stoichiometry: 

2CIO3- + H2SO4 4 H2O2 2CIO2 + O2 + S04^- + 2H2O 

The opmnizied production of CIO7 icguiic^ excess 
acid /oi dffiLleiiL ClOj CIO2 conversion. The H20r 
to-HiSOi ratio is very important. The reported ^'opti- 
mized" GO2 production empirical rarp. law ghown here 
is not stnlrhinrnfirrir. inHiranrrg rhat side reactions are 
probably occnrring. I'his suggests thac the conditions of 
roaximum ClOj production are not neceeearily the con 
ditions chat minxxmze by-products. 

iA K IQi' ca^p (-12230m [HjSOJ^-* [NaQOjUJ (HaOJ" 

Tlic iin|jlicd.Liuu uf die optirruMjd model equaiion 
(Buikc ct al, 1993) is thiat the producr stream will likely 
be addic; in ihe case of an upset (low H2O2), very addic. 
The model also suggests that die '*purity^ (0102 without 
the presence of unused reactanrs) aithe GOj'-gpnprated 
could be a problem (e.g., aod and H2O2). 

Dnnlring waTf»r nrilrri^ Mftbcig chlorate ion reduccion 
methods need to be concerned with perchJorate ion. 
Sources of perchlorata ion include commercial codium 
chlorate (NaClOs) solutions (50-200 mgfL CIO4-) used 
in the reactor A cecond source of QO4- occurs when 
CIO j~ 12 present under highly acidic reaction conditions, 
especially with H2SO4: 

8HaO, - 4Ha04 1 2H2O + 3O2 + ICk 

Tbia au^azb that die aansfer of CIO2 from the reac- 
tion chamber to the holding tank must be controlled. If 
ir is not controlled, ClOr can be "misted" info rhn gpa- 
eratnr efflnenf hold t^jntr . Perchlocace ion concentracioae 
9s high as 7-10 ).lgfL in the generator discharge, which 
contains 1,000 mg/L GO2, kave been obcerved (Sterling 
Pulp Chomicale, 1999), 

Summary of eblorotd ion-based systftms. The xeduc- 
tion of chlorate ion has Io(\g bccii die mcQiud uf choice 
/or producing Iajt^c quantities of ClOj foi the paper 
and pulp industries. A small-scale gcueiiiLui suiistble 
for the drinking water industiy has die pycential for 
lowaLig die clieuucal cost of CIO2 generation. How- 
ever for drinking water purposes, pn-wiSle rRgnlariong 
relating ro H2O2 in the generator effluent (not recom- 
mended for Hi.^infFrrion)^ increafied acidit)r (corrosion 
control), and 004- formation (potential healdi iisk) 
DLiy impede its acceptance. 



TABLE 8 SeC'Uential oxychlorina speciaiior 



pH 


Ml l^l 1*1 vPv Y 


e 


Cl2r2l ^ iz^ZO" 




2Ci0a + 2r-» I5 T 2007- 


2 


2CIO2 4. 101- - BH* ^ 6L 1 2CI- 1 C^-p 




Cia^- ! 41- 1 AH- > 1 CI- .■ 2H2O 




uo,--ei-->3b*Uh + 3HdO 



Etedroehmical systems. Deeignc for the eleccrochcm 
<ea( prodtzcdon of QO^ have been commercially available 
in different forms for many years. Conceptually, cleciro- 
chemical gcncratora arc very axmple. 

Diteci. acLLtv;!jr»i« ZdOr ■ + 2H,0 - 200:1 + 20tr f K2 

hi piinLipk, a iduglc feed solution concatnin^ NaGO;i 
can be metered ina> die cell. At the anode, the direct elec- 
trolysis of CIO2* to form CIO2 ralfws plor** .A.t the cath- 
ode, caustic and hydrogen are produced. To prevent fur- 
ther oTiHarinn of to cUorace ion and posfiibly 
percWorate ion as it decomposes in the anolytc, ^ 
ejctracted from the anode (e.g., perptraction or a caacad- 
ing gas stripper). 

Odiar wayc to "electro chemically*' produce CIO2 in- 
clude the electrochemical production of add or CI2 as a 
means of supplying precursor chemical to iXic tell. 

Elcuuul/sb of w<Luen ZH-jO 4H'' + O2 + 

jao2- + 4H- ^ 4aoi + a- T 2H2O 

Electrolysis of Qh 2a- + 2fl- CIj 

7.a02- + 02-* 2CIO2 ^ 2CI- 

FIwrrrnrhPTmcal systems capable of producing 0.5 10 
Ih/H (0.7-4.5 Irg/d) of CJOj seem wcU-Buited for email 
utdidcs. Kttiri enc CIO2 tranefer from the anode chamber 
helps to increase the convcrgion efficiency by cDabliiij; 
unused chlorire ion to be recycled. Whco a gaa-suippiiig 
device is used to transfer CIO7 £lOui die aiiude4x; ihc hold 
tank, operatOLS licol LO be awsux diat add and possibly 
can be foamed or "misted" into the hold cank. A sftmnH 
area of concern for operators is the cfhciency of the eltc- 
trochemicai cell. In some cases for efficient Inng-rerm 
operanon, the cell will require periodic cloning to rRinooe 
the buildup of impniities on the rlrm-oHp $itd;'ace. 

MainfaFane distillation (perstraetion). Because CIO2 is a 

dissolved gas ia soluncn^ numerous methods foi* C5<eract- 
ing CIO2 from the reaction chamber have been devel- 
oped (e.g., gas atripping columns, gas cductOis/vi^nLuriii, 
low-pressure air flow over a packed bed). Perscraction 
diffas iu dial a )i?a5»-pctmcable hydrophobic membrane ijt 
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HGURE 3 Dxidanr danand curves— \vvo CIO} CDrcentrations 



* r 




IG 20 30 ^ ^ 60 

ClOi/'<hoHnodhxkb 



70 



80 



90 



used CO separate a donor scluiioo (reacrioa chamber) 
from mi acceptbrwlutibn (%yatcrfl6w). By coriixblling 
the pressure gradient ocm^ the. mftmhrpinp.^ ran fyt 
evrrflCtftd imm a rhp.mirally r.omplir5it^d reaction Tniv 
in^o rhp water flow at a purity leveJ tkat is not achievable 
with conventional ^tripping devices, 

Per«tr4Ction U p^rticulaily well-enited ht electro 
chemical generation piocessee (Cowley et al, 1996) ^ It 
improves safety by elixnimcijag the need for a vapor phase 
OS carrier gac, and there b no need for vacuum opcradon. 
High-purity CIO2 can be produced economically IiOju 
processes ba^cd on cliioxitc lou OAidiiluu, dilutate rcduc* 
lioii, 01 die dduric aud-ba^cd aurocatalytic process. 

Coiivonaon oflrcKmcy. Ccnveisioa effideacy is an impoc- 
lanccosr consideration. The proposed Disinfectants/Dis- 
irifefiinnt: Hy-Pmdnrrs "RtiIp {^^aA Reg.. 19f*4) addzesseB 
this issue for utdiofis planning to use CIO2 tor preoxida- 
n.on However, the final rule (Fed. Reg.^ 1998) does not 
contain language requiring a specific conversion effi- 
ciency, i'his situation has caused great confusion in the 
water inductry. The ctutent guideline, a3 dcGacd by the 
USEPA in April 19P9 (USEPA, 1999), is 95% conversion 
of C102~ to CIO2 using die following formula: 



This calcvdation require) the cirect- 
measurcmcnt of all oxychlorinc 
species. Ilowcfci; diis fuiiuula iKHorPii 
dic presence of chlorine (free avail- 
able chlorine = CI2, HOQ, OQ-} anri 
pefchlnratft ion. CoTivwrsion p^drimry 
ralrnlpted using this formula simply 
means diat unreacted precureor chcro- 
icak are minimized in the ClO^ gen 
erator effluent. A high-percent con- 
version does not mean thai a aoluuoi: 
has a hi?>,li puiiiy. 

Ci02 pnrily. The issue of purity is 
often confused with cnnw.r.5ion. In 
fact, purity has a very differeac mean- 
ing. Piinry refers to the presence of 
impurities produced or "carried 
through the system** during genera- 
tion and the presence of impurities in 
the ClO^ product solution. For cxam- 
ple» reports that have appeared in the 
scientific literature suggest that TIIM 
formation results from CIO? use. 
Bcunise CIO2 i« aiA uxidizinir agcnr (a 
one-eiectton process, ClOai. 
Ic does not chlorinate under condi- 
Qons normally found during drinking 
water treatment. By comp^ri.vin, 
can either he an avirlizing agfinr or 
participate in fsub.^ritnTinn rpjjrrirtnR rhi^t form '1 HMs. In 
thi« case, tii.e rrpnrTpid' T^IMs were probably &rnied by 
an banpurity in the CiO;^. 

Because ClOj"-ba9ed gcneraiorc are frequently Opcr 
ated belovr maximum efficiency, a Ci^ impurity is not 
unusual. To addrcsa this i«$uc, USBPA in April 1999 
(USEPA, 1999) auggcetcd a maximum 5% CI2 exceed fuj. 
dOj^ gcncxttcor effluents. 



% exc^ CI2 : 



70.91 



tt;iU2 + c:U)2"*-^ 



67A5 
83.45 



CIO3-J 



% comrexslon = 



[CIU2J 



67AS 



100 



llie weakness of the chlorine pucitf standard is char it 
is limited to ClO^- and ClOy and dots not take into 
account odier oxychlorine species (Table 3). 

By-produotc. The prcacnoc of CIO2", CIO3-, ClOa", 
free available chlorine, and acid in generated CIO2 has a 
potential C09C impact for utilities. If high levels of any uf 
these common by-|>ioduLiaj arc oUicrvcd^ addinonal treat- 
niciii luay be required Co reduce or minimize regulated by- 
products that would enter die distnbutinn systen^ |r..g.. 
reduced iron for lowering TIOi" rp.sidtiaLs). 

Ihff generation chemistry largely determincR which 
^p4!ciefi -wilL be present in the final ClO^ product dtrcam. 
For example, Tablee 5 and C ciauow some of the diffcr- 
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cnccs itt product composition between ClO^" based, 
GlO^'-based, and electrochemical CIO2 generators. 

A properly ruucd ^eneieiLu/: will liuve luiiiiiual 
nnwanred components in the generator effluent— in other 
words, high punty. In a simple ClO;>"-based generator 
not equipped with a gas Txan^jterycfdivety s>ppi*r^MiS, f^lp- 
vated concentrations ClO^' might be present because 
of generator inefficiency. TTie pfeeence of chic unreacted 
precursor can affect the distribution system in a positive 
OA negative w^y. For example, McGuixe and coworkers 
(1999) iepuiLc;d duii CiOy- appcaxs lo iiiacdyaic aauuo- 
nia oxidizing bacteria and hdpb' cuuurol uiLrificaiiuu iti 



CIO2" (Tabic 7). Oxidant demand results arc often 
reported showing ClO;^ to QO^" conversion ration in the 
70-807o range. Tliis type of data indicates that ClOr 
continues to react widi iniermediate $podcs suiii MOCl 
vvhich reform CIO2 dlong with 003". During this process, 

Qnrtip <':1( li- K alsn rnrslly rr^wrpH rn C':l- Kt^irft.'j 1-H 

show demand profiles often observed in treated w^xtL 

The profile provided in Figure 1 (and Table 7) ehowe 
a high conversion of CIO2 to CIO2-. The small CIO3- 
rcsidual in high-quality raw water is often (Gricsc et al, 
1992) the result of a photochemical xcacliou in cliloriiic- 
free CIO2 siuck «joIutiun, or in amit uii»ci>, the rc:iu)l of a 



The (SQibiit and any specns camed through tiiB treatment train with the oxidaiit. as well as any by-produds fmei 

during disinfection, are imporianl to consider in the context of meeting ciorent and future drinking ivaier regubdofls. 



chloraminatcd drinking water ayatcms. In contrast, the 
presence of ClO^" in the diacribution system is ceporxd 
(I loehn er al, 1990) to be responsible for odors in hou$e- 
litild walei supplies cauAied by CIO7 '^leKeuetcHiun" ai 
the cap, 

Systems equipped with g9.s rransfer/deKvery apparatus 
(vacuum eduction, cascade stripping, or perstracrion) can 
also have Impurities such as Cl^, add, or H20;i that might 
conrinuc to react 

PiifRhlARiM inn. Tht* preAttncji of (*:1C in ririnkine 
water js an important issue, 'llie Californja Department 

of Health has established a health advisory tor when 

Q04~ concentrations exceed 1 B pg/L Until more health 
effeccc data ore available, Gounae xvcter wetls that $how any 
trace of ClO^" are taken out of service. 

Becauae the perehloratc ion issue is relatively acvi', 
guidelines have nor yet been established by USEPA to 
advise utilities. USEPA, die US Air Foice, and tine AWWA 
Research Foundation are developing stratq^ies (Perchlo- 
TiiLe Rc5ic;irtJi haujc Group, 1997) to minimize the effect 
of C104" in drinking water At a minimum, treatment 
processes chat can potentially introduce QOr into the dis- 
tributinn syi^tem should reqiiirf. adHirional monirnring 
flnH rhp implpmenranon of 4ome type of ClO^- removal 
strategy. 

Oxidant domand. The proper way to determinue o ClO;^ 
treatment dose is to pecfozxn an oxidant-dcmand study. 

For preoxidation applicariona, CIO2 is added to the raw 
Avafcdr and allowed to rcAcc for a prescribed time. Mca- 
aurctncnts using verified methods (li^samine green B 
[LGB], amaranth) are dien made to dctamiiie Jic dif* 
feitaiLc heLwofii die added uxidaut dose and die residual 
oxidant concentration. A mote complete study using ion 
chromatography will also quantitate CIOj* and OOf. 

BecaiLse CIO2 oxidation is ^ one-elftctron prorRw (rhp 
conversion of "* ^102"), a demand study using rel- 
atively pure water will show a high conversion ratio to 



small amount of chlorine in the CIO2 stock solution. Fig- 
ure 2 shows an oxidant-dcmand profile that might be 
observed in waters with high concciiuaiioui of oigauiu 
mailer The jipparcn t ClOa-to-ClO^" conversion is lowet 
demonstrating that C102~ condnueii to re^ct. The oxi- 
dant demand profile in Figure 3 shows the CIO2 residual 
for two dose concentrations. The oxidant demand typi- 
cally increases with time and mnsr hp. Hefinf ri t'nr a given 
dose concentranon, contact time, temperature, and pH. 
\ }np<t^ Sartors m^lf.e it ditficidt to extrapolate ojddanc 

demand data from one set ot concentrations to anothen 

The infoftaatioa from a demand study it helpful for 
calcuktmg C x T credits for compliance purposes. In also 
helps in understanding the residual CIO2* concentration 
that can be expected in the treated water. 

AMALYHCAL METHODS 

Nuiticruutt axialydcal methods for measuring the oxy- 
halogen species that accompany CIO3 production appear 
in Standard Mczkods (1998). Tliece is a great deal of con- 
fusion about these methods and the corre<;poTiHirtg, rftac^- 
ily available simple re.Qr-lciT prnrprinrfiR. K^ranee of their 
nonsprf»nfir txanwe, tlie methods (e.g., iodometry, DPD> are 
general osdriarion methods and are eubject to varying lev 
ek of interference (Gordon, et al, 1 992) Aieta et nl, 198 'I). 

It 10 not uncommon for utdtty operators to mac dtra- 
cion methods (Gordon et al, 1992^ Hoehu et al, 1990) 
to measure oxyliali^en bpecitai. Typically, the sample is 
xcacLcd wiiL ivdjdc ivu (I ) lo furm iudinc (I7). Depend- 
ing on the pllp as showii lu Tiible 8, bacceiiiive titrations 

aie peifiiiiued, auJ individual species concentrations are 
calculated by difference. 

The I2 titration procedure, rftqnirp.? rin nnr?pr^:t<>nHinj5 
of chemistry and a higher level of skill to make reliable 
TTipagnrements. Ihis is especially true ior CIO2 conecn- 
crations at the milligram-per-Utte leveL The presence of 
additional impuritica (oxidants such as I I2O2) can rc&ull 
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xr\ drihing titration cndpoints and lacge analysis errors 
because of iodide ion oxidation and iodate ion (10 f ] 
formation. I£ lO^^ is foimcdj tkc ritrati'on stoichiomctry 

addition, tliere is no accounting for che excess t liberated 
by HaOa. 

U^Oz * 21- + 2H+ -V 3;^ 4. IH^O 

The accuface measurement of CIO2 and CIO2 by 
products in multicomponcnt oxidant media requires 
iBorc advanced Lascrumcnlation -and ^ lelauvcly luj^Ii 
degree yf 5fkilL Three culori;ncvric mcchadb arc widely 
used for measuring CIOi residual concentrations: LGB 
(Chlswell 6c O'Halloran, amaiantb (Emmeit et 

al, 2000), and chlorophenol red (CPR) (Sw^M-in p.r 
1996), Each method is capable of measuring CIO2 
rhft O.'l-mgA. I#:vr:l. DVT) is nor rfiromrneoded for CIO2 
measurement {Gordon ct ai, 2U00) because che DPD 
species moairored at 515 nm can continue to react to 
form a colorless product (i.e., the color fades). ClO^- 
treated water samples alwaya contain Cl02"" and typically 
free available chlorine as a residual disinfectant in the dis- 
tribution system. Thu5, each sample type (i.e., j^eueiaLui 
effluent, finished water at the plant and in the distribu- 
Li^ii sysiccn) $huuld be evtiluatcd for chlorite ion and 
chlorine interfeiiience. LGB and amaranth u$e an ammo* 
nia/ammonium chloride buffer system to mask any 
potential chloriae interference and are the methods of 
choice. Chlorite ion docs not interfere in eithetr of rhrsr 
..methods. In ,cnntra«ti CPR ftxhthlw hctrh a cWorine and 
■ nr )2~ mrftrfefflT^rp. "Hins/fl nrifl^trinc jigent' such sis oscalic 
9nr\ miv?t be used ro remove chlorine. However, when 
the CiO^" concentration exceeds the ClO;^ concentre 
tion, an unacceptable interference can be expected 
[Sweecin ec al, 1996), 

Even rclam-cly oclcctrrc mccKoda can potentially suf- 
fer from interferences in mxilticomponcat ClOj solutions. 
Thus, methods diat selectively mask a potential inlcifei- 
ence or Icinctlcally disciiinliiaic beiweeu CIO2 aud the 
iiiLtifcituLt; Lave l.)ee^l Jcvclypcd (Gordon, 1598). In 
extreme cases, the CIO2 can be diffused through a mem- 
brane IHoUowell et al, 1985) (e.g., gas diffusion flow 
injection analysis) before analysis. 

Thft amirare measureenexit of QO2 by-products at the 
U,l-l-m§/L level is ditticult using titration methods atxd 
is very opfirator-dependent. The preferred and strongly rec 
ommended methodology for the direct low-level mea- 
surement of ClO^-, CIO3-5 and GO4- is ion ckromatpg- 
tephy (OWoto ct al, 1999; Pfaff ct al, 1991). 

CIO2 TRANSFEiVDEUVERY ISSUES 

Teduiulu^its lhai extract CIO3 from a complicated 
reaction mixture can be used tc^ enhance prndnrr pnnry 
tn sy.stem.^j hhat. do not urp. sonip rype of gas transfer; 
imT&sicrt'A rmgp.nrs Hmng rarrred through to the point of 



application mij^ht be observed. Gqo iransfcr alii»/ hclp-t , 

to prevent CIO2 from reacting before application. For 
example, small utilities dial aic LliauKiufi u.» OOj lor 
dihinfcction might consider using a small eleccrcKhem- 
icaj system to generate ClOj. In electrochemical sys- 
fe.m55, C,\C)2~ ii5 OYidi7«H rn HO^ a« the reagent flows 
through the anode. By removing ClO^ with a gafi tranc- 
fer device, ^ny "unreacted C102~ can be recirculated 
back through the anode, thereby increasing the cell con- 
vcraion efficiency. Without gas transfec^ rccirculaliou 
of the anolyte will result in cLlui^iLe iuu formation. 
Cuutiuucd recirculation of the "unsrripped" feed solu- 
tion without the proper engineering controls can poten- 
tially lead to perchlorate Ion FonnaTinn ar high cpII cur- 
rent. Because the way in which chlorite ion iced is 
ronsumed is an important cost consideration, opera- 
tors should be aware of die chemistry taking place in the 
anode: chlorite ion to CIO2 conversion^ chlorate ion 
formation^ poesible perchl orate ion formation, acid gcn- 
erotion, and chlorine generation. 

^X^ben gas-transfer devices are used, it is imponant 

to dctexmiuc the cffcci of odici LOJiipousnls that rtiiKht 

also be stripped over into the product stream. In some 
ClOr-bsibcd ^cncrarois. HiOa and/or acid can be 
stripped out of the reaction nxix (Tables 5 and 6). If 
H2O2 and are present in solution, chey readily rrarr 
in neutral or even slightly acidic snlnnoTis (pH s 4)' 

Tnc data (Ni & Wang,: 199€) inTabie 9 show chort- 
term conversion of ClO^ C102* in the presence of 
H2O2. The data (Sterling Pulp Chemicals, \999'j in 
Table 10 akow that when 01 02 and H2O2 arc prcsenc 
in solution in equal concentrations at dj iakidfi watci 
pH, the CIO2 conversion to CIO 2" uni be as liij^li as 
50% of the starui^ couccuuatiuu afier 2 h. These data 
confinn chat CIO2 and H2O2 are nut compatible oxi- 
daiLU becau(»e they react. By compacison, ClOi and CI2 
or HOCl are more compatible species because they 
reaa much more slowly. If H2O2 is rarnpH over dttring 
gas stripping and itnrRrs thft FiniRhprI water, compiiance 
conlH hfi an. issue because H2O2 is not 9 recognized 
residual disinfectant. In addition, most utilities would 
have difficulty deterxnining the presence of H2O2 in the 
finished water because of the absence of appropriate 

analytical znctKods. 

A second important issue i$ co determine to what extent 
docs die "saippcd* H9O7 iu die Kcuerator effluent react 
wlJi CIO 5,. If die amount of H2O2 present in the gener- 
ator effluent is 10% of the CIO2 concentration (T«hlh^ s 
and 6), a substantial amount of CIO2 is rrdnrpH and 
unavailable for appliral-inn. 

The presence of add can also affect the quality of the 
iinished water. Ic is not unucual for a gaa atrippcr to 
'^niiet'* acid over into the hold tank. If die generation 
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product io a foam, vecy high con 
ccntf ationa of acid can be expected. 
Tiie c/fccL of Increased acid is 
twofold. In recenc years, a number of 
new regulations have been promul- 
gated by USHPA to control corro- 
sion. High acidity added during 
treatment can make it necessary for 
a utilicy to implement treatment 

atcpa to maintain pM and control 
corrosion in tlie diatnlnitLon system. 
A secoild dLca of coacciii is lUe 
potential for acid to promote per- 
chlorate ion formadnn. Chlorate ion 
iinde.r liigl^ly arjdir ronHirions ran 
rp.ar.r (possibly vra HisproporTJona- 
non) fo form pfitr)>loi*ar^ 7or>.. The 
current Calii;otnia (and potentially 
US£PA} view is to shut dowa water 
supplies diat introduce CIO4-- into 
the fimched watet: 



TABLE 9 Effect of HjQi* on 0(02 concanfratrons in disdll^d, daioi^md 
VMatfir— 1 mg/LUIUj, m KiU^ IS^U [m 



ccion Time | 
6 i 


pH 5.5 


pH6 


pH 6.5 


pH7 


^>H7.5 
^ foss 


1 i 


0.1 


0.3 


1.0 


ai 


8.9 


2 ! 


0^ 


0.C 




0.1 


17.9 




0^ 


0.S 


3.8 


a.7 


23.5 


: i 


0.4 


1.2 


4.7 


I'l/i 




6 


0.6 


1.8 


SA 


153 


32S 


8 ! 


OJB 






1«7 




10 


10 






31.6 




R min 


90 




39.7 


38.7 


i04 



TABLE 10 LooQer-term effect of h202 on CIO2 concsntraiions in dotiiled 
water at dnnking wntRr pH 



SAFETY 

A di'iukiug utilily maul 

uuu^idei itiHiiy siafeLy Is-!>ue%» wUdv it 
decides to use ClO^. Clearly, die gen- 
erator must be properly designed to 
prevent runaway reactions, have 
adequate safety vencitig, and have a 
high tolerance for overpressure and 
tempera cure. 

Utilities must also be concerned 
about tKroriofir safety when storing and 
hazLdling CIO2- Processes thsic are operated az high tem 
peratures and preseure should be carefully monitored. If 
the generator effluent is acidic, appropriate guidelines 
for handling the product need to be established and reg< 

ulaily reviewed. 

The treiining of utility personnel on die pi'opci. ImluIUii^ 
(bcluding the cleanup of spills) and stora^;e of bulk pre- 
cuisoi cliemltalii (NaClO,, N11CIO3, Cl^, H2SO4, or H^Oa) 
:»hu uld be in place bcfurc die start of on-stie CIO2 ^ineration. 

CONCLUSIONS 

Thr> ftvpftrimpntal rfars) show that the generation tech- 
nology used to prodnoe GOj^ largely determines the com- 
position and purity of the generator effluent. On die basis 
of these findinjgRy the following coAcluoiono can be drawn: 

• hxvpuncies in the ^enoracor effUieot can react with 
QO^ (e.g., H^O-^ to form ClO^") and aubstantially lower 
the concentration of stored CIO2 or potentially foiui 
unwanted by-produccs (eg., ac(d-i>crcljloiaUs iuu; lMu^ 
riac-chloiace ion). 

* GO2 uauiifcr technologies that do noc use mem- 
brane separation may not eliminate the transfer of impu- 
rities in some ca<Qe.Q. 



reaction llms 

min 


! p« 1 


Initial QOs* 


rnss/L i 


Fin;)! riflj 


Final 


120 


! ' 


1 f) 


n 1 


0.9 




121 


! 6.2 i 


1.0 


0.1 ; 


0.3 


0.5 




1 70 ! 


1.0 


Q.1 


0.^1 


0.6 



*C10|^-chiorlne dkotitfo. K2O2— hydrogen peroudc, CIO9-— chlorttB iOH 



• Pcrchloratc ion is a potential by-product in ClO.^"- 
baacd generators. 

• The current USEPA percent conversion calculation 
should be adjusted lu iududc ^Jitiuoal impurities chat 
can be found in generator effluent (e.g., chlorine, H^Os^ 
acid, and pcrchloratc ion). 

• Appropriate analytical methods need co be iJ5»'.d to 
accurately assess QO^ purity. 
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